Background: This study examines the relationship between active commuting (AC) and obesity in midlife using objectively measured anthropometric data from UK Biobank.
Background
Physical inactivity is one of the leading causes of morbidity and premature mortality. 1, 2 In England, two-thirds of adults do not meet recommended levels. 3 The mass adoption of private motorised transport has contributed to declines in active travel worldwide. In England and Wales, 23.7 million individuals regularly commute to a workplace, 67% by car. 4 Individuals who commute to work actively achieve higher levels of total physical activity (PA) than car users, independently of leisure PA. [5] [6] [7] [8] Active commuting (AC) has been identified by the UK National Institute for Clinical Excellence as a feasible way to increase population PA without requiring unacceptable financial or time expenditure. 9 Middleage is an important life-stage for the development of obesity. In the 2012 Health Survey for England, BMI was found to increase steadily into middle-age, before declining beyond age 75. 10 In the same survey, 44% of adults aged 55-64 did not meet recommended PA levels. 11 Laverty and colleagues found that after adjustment for socioeconomic and demographic factors, adults aged 50-65 were 55% less likely to commute by public transport, 45% less likely to commute on foot, and 30% less likely to commute by bicycle; compared with [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] year olds. 12 Previous research has shown that walkers and cyclists have lower BMI, [12] [13] [14] [15] lower percentage body fat (BF%) 13 and lower waist circumference 15 than car commuters, are less likely to report diagnosed diabetes and hypertension, [13] [14] [15] and report higher levels of physical wellbeing. 16 Compared with continued car use, switching from sedentary to active commuting was found to predict a decrease in self-reported BMI. 17 However, many individuals live too far from their workplace for walking or cycling to be feasible. Cross-sectional studies have shown that individuals who commute by public transport have significantly lower BMI, BF% and self-reported diagnosed diabetes and hypertension, and that associations are similar in magnitude to those observed for walking and cycling. 12, 13 This indicates that incidental PA involved with public transport journeys is significant. A growing body of research consistently suggests that mass transit contributes to overall PA 18, 19 and is negatively associated with obesity. 20, 21 Important gaps in the literature remain. Firstly, it is unclear whether AC has a graded relationship with obesity. Operationalising the exposure using multiple mixed-mode categories provides better observational evidence of causality, but existing studies are hampered by inadequately detailed measurement. Secondly, the use of objectively measured obesity is important in order to reduce the bias associated with self-reporting. A third common limitation of using secondary datasets to investigate AC and bodyweight is the failure to rule out confounding by energy intake. The extent to which associations between AC and obesity are moderated by demographic and socioeconomic factors are also underexplored in the literature.
This study is the first to use UK Biobank 22, 23 to investigate the relationship between AC and obesity. A large and comprehensive dataset, UK Biobank offers the opportunity to address key limitations in the existing literature. The aim of this study is to investigate the relationship between AC and objectively measured indicators of obesity in a middle-aged UK sample. Hypotheses are: (1) an independent relationship exists between commuting mode and two measures of obesity; (2) adjustment for socioeconomic, demographic, health, occupational and leisure factors will not fully attenuate the central association; (3) dietary energy intake will have a small but significant confounding effect; (4) among walkers and cyclists, distance of commute will be independently, inversely associated with BMI and BF%.
Methods

Data
Baseline data from UK Biobank were used (project 5935). Data were collected from 502,656 individuals aged 40-69 who visited 22 assessment centres across the UK (2006) (2007) (2008) (2009) (2010) . Respondents were selected through NHS patient registers based on distance from their nearest UK Biobank assessment centre. The scientific rationale, study design, ethical approval, survey methods and limitations are described elsewhere. 22, 23 
Sample
Participants who did not report commuting behaviour (largely due to retirement) were excluded, yielding an initial sample size of 264,341. This was further restricted to participants who had complete data on all analytic covariates (n=156,994). Of these, 439 had missing BMI data and 2,067 had missing BF% observations. Two main analytic samples were therefore derived: (i) BMI, n=156,555 (72,888 males, 83,667 females); (ii) BF%, n=154,927 (72,139 males, 82,788 females). In addition, two sets of sensitivity analyses were undertaken. The first used a subsample with complete data on energy intake and all analytic variables: (i) BMI diet subsample, n=75,229; (ii) BF% diet subsample, n=74,430. The second complete-case sensitivity analysis was applied to just the walking commuters (BMI n=7,746, BF% n=7,660) and cycling commuters (BMI n=4,195, BF% n=4,146).
Variables
Exposure variable: Commuting mode
Participants were asked "what types of transport do you use to get to and from work?" and were able to select one or more of the following: car/motor vehicle; walk; public transport; cycle. In order to capitalise on this rich data a 15-category commute mode variable was derived, encapsulating all mode combinations. This was then collapsed to create a 7-category primary exposure variable, ordered to approximate typical levels of physical exertion: (1) Car only; (2) Car and public transport; (3) Public transport only; (4) Car and other mixed modes (a heterogeneous category comprising combinations of car, public transport, walking and cycling); (5) Public transport and active transport (walking and/or cycling); (6) Walking only; (7) Cycling only or cycling and walking. In sensitivity analyses of those who commuted by walking or cycling, self-reported one-way commute distance (miles) was conceptualised as an exposure variable. For the walking subsample, distance was operationalised as an ordered categorical variable (<1 mile; 1 mile; 2 miles; 3 miles; ≥ 4 miles). For the cycling subsample, it was categorised as: 0-1 miles; 2-4 miles; 5-7 miles; 8-10 miles; ≥ 11 miles.
Outcome variables: BMI and percentage body fat
Anthropometric measurements were taken by trained staff using standard procedures detailed elsewhere. 22 For the purposes of this study, measurements of interest were: height and weight (BMI calculation: kg/m 2 ), and BF%, measured by bio-impedance. Standing height was measured using the Seca202 stadiometer. BF% and weight were measured using the Tanita BC418MA body composition analyser. 24 Both were normally distributed and operationalised as continuous variables.
Covariates
A range of factors were hypothesised to confound the association between AC and obesity. These were self-reported, with the exception of residential area classification, Townsend deprivation score (census data), and energy intake (24-hour dietary recall questionnaires). 25, 26 Demographic covariates were: age (years); sex; ethnicity (White British, other white background, South Asian, Black Caribbean, Black African, Chinese, mixed, other); residential area classification (urban, fringe, rural). Socioeconomic covariates were: gross annual household income (<£18,000; £18,000-£30,999; £31,000-£51,000; £52,000-£100,000; >100,000); residential output area Townsend deprivation index (quintiles); highest educational qualification (university/college degree; A-levels/equivalent; GCSEs/equivalent; CSEs/equivalent; NVQ/HND/HNC/equivalent; professional qualifications; none).
Health behaviour covariates were: alcohol (daily; 3-4 times per week; 1-2/week; 1-3/month; special occasions; never); smoking (never, previous, current). PA covariates were: days/week ≥10minutes moderate PA (0-7); walking for pleasure in past 4 weeks (once, 2-3 times, once/week, 2-3/week, 4-5/week, daily); typical transport mode for non-commuting travel (walking and/or cycling: yes/no); job involves standing/walking (never/rarely; sometimes; usually; always); manual work (never/rarely; sometimes; usually; always); shift work (never/rarely; sometimes; usually; always). Health covariates were: poor self-rated health (yes/no); limiting illness/disability (yes/no). Total energy intake (kcals) in previous 24hours was used in sensitivity analyses. The diet recall questionnaire module was added to the assessment centre towards the end of the baseline data collection phase. Subsequently, participants were contacted via email and completed up to 5 questionnaires online. 25, 26 Energy intake was operationalised as a continuous variable, truncated at 6000kcal/day. For respondents who participated in more than one 24-hour diet recall questionnaire, the median value was used.
Statistical analysis
In order to investigate the relationship between commuting mode and BMI/BF% and test the first and second study hypotheses; nested, gender-stratified, multivariate linear regression analysis was undertaken using Stata 14. 27 For each outcome, the following model series was fitted for men and women separately. M0 tested the bivariate association between commute mode and the outcome. M1 introduced demographic, socioeconomic and other factors (urban/rural residence, age, ethnicity, income, Townsend deprivation quintiles, highest educational qualification). M1 was then nested within M2 which introduced the other hypothesised confounders: alcohol intake, smoking status, leisure PA, non-work active travel, walking for pleasure, occupational PA, shift work, manual work, self-rated health and longstanding limiting illness. Models were adjusted for clustering by assessment centre. Interactions by gender, ethnicity and household income category were investigated using Wald tests. Sensitivity analysis using dietary recall data was undertaken in order to test the third hypothesis. The gender stratified multivariate linear regression modelling strategy above was replicated using the subsample of participants with valid energy intake data, adding 24-hour energy intake (kcal) as a covariate. In order to investigate the fourth hypothesis, sensitivity analyses were undertaken using separate subsamples of walking commuters and cycling commuters with compete data. For each subsample, a bivariate (M0) and multivariate linear (M2, specified as above) regression model was fitted for each outcome (BMI and BF%), using commute distance as the exposure of interest.
Role of the funding source
This secondary data analysis was funded by a UK Medical Research Council Postdoctoral Strategic Skills
Fellowship awarded to EF. UK Biobank is a registered charity which receives funding from the Wellcome Trust, UK MRC, UK Department of Health, Scottish Government, Welsh Assembly, British Heart Foundation, Diabetes UK and the Northwest Regional Development Agency. SC is funded by a UK National Institute of Health Research Senior Fellowship. The funders had no role in determining the study design, analytical strategy, interpretation of findings, writing the report or the decision to submit this paper for publication. The authors had full access to all the data presented in the study and bear final responsibility for the decision to submit this paper for publication.
Results
Descriptive analysis is presented in Table 1 . Car travel was the most prevalent commuting mode (64% men, 61% women). Four percent of men and 7% of women reported walking as their only commute mode, while a further 4% of men and 2% of women reported cycling only or a mix of cycling and walking. Overall, 23% of men and 24% of women used active transport either solely or as a component within a mix of modes. The BF% analytic sample was representative of the BMI analytic sample.
The results of the series of multivariate linear regression models fitted to investigate the relationship between AC and BMI are presented in Table 2 and Figure 1 . The results for BF% are presented in Table   3 and Figure 2 . A significant interaction was found for gender, so all analyses were gender stratified.
No significant interactions were found for ethnicity or household income category.
Across all models, a significant association between commuting mode and obesity was observed, with a graded relationship apparent across the 7 ordered commuting categories. With the exception of mixed car and public transport, all categories independently predicted significantly lower BMI and BF% when compared with sole car use. In both BMI and BF% analyses, adjustment for hypothesised confounding factors attenuated the bivariate associations to some degree, but a significant, relationship remained evident in the fully adjusted models for both men and women. These findings supported the first and second study hypotheses.
For men and women, across BMI and BF% analyses, the largest and most significant results were observed for cyclists. In fully adjusted models, compared to car-only commuters, male cyclists had BMI 1.71kg/m 2 lower (95%CI -1.86, -1.56) controlling for demographic, socioeconomic, health, behavioural, and non-commute PA. In fully adjusted models, female cyclists had BMI 1.65kg/m 2 lower on average than their car-only counterparts (95%CI -1.92, -1.38), and had 3.26% lower BF% (95%CI -3.80, -2.71).
In fully adjusted models, men who used solely public transport had a BMI 0.70kg/m 2 lower than caronly commuters (95%CI -0.83, -0.57) while men who combined car use with active modes had a BMI 0.56kg/m 2 lower (95%CI -0.68, -0.45). Greater associations were observed for men who combined public transport with active modes: compared to car-only commuters, these individuals had a BMI 1.00kg/m 2 lower (95%CI -1.14, -0.87) in the fully adjusted model. The results from the BF% models corroborated these results.
For women who used various combinations of car, public and active modes, coefficients were typically smaller than those observed for men, though still highly statistically significant. Women who combined public transport with active modes had BMI on average 0.67kg/m 2 lower than car users (95%CI -0.86, -0.47) and had 1.09% lower BF% (95%CI -1.38, -0.80), in fully adjusted models.
Men who reported walking as their sole mode had a BMI 0.98kg/m 2 (95%CI -1.20, -0.76) lower than car-only commuters in fully adjusted analyses, and had 1.19% lower BF% (95%CI -1.49, -0.88). In adjusted analyses, women who used walking as their sole commute mode had BMI 0.80kg/m 2 (-0.94, -0.66) lower than car commuters, and had 1.12% lower BF% (95%CI -1.31, -0.94).
Results from subsample sensitivity analyses to investigate the effects of energy intake on the association between commuting mode and obesity (Appendices 1 and 2) found that for men, energy intake was a non-significant covariate in fully adjusted BMI models (p=0.72). However, an extremely small but significant association was seen for BF% among men (adjusted b=-0.0004 kcal/day, p<0.001).
For women, an extremely small association between energy intake and BMI was observed (adjusted b=0.0002 kcal/day, p<0.001), but not for BF%. Support for the third study hypothesis was therefore equivocal.
Results from sensitivity analyses to investigate the relationship between commute distance and BMI/BF% among walkers and cyclists (Appendices 3 and 4) broadly supported the fourth hypothesis.
In fully adjusted models, compared with pedestrians who walked <1mile, individuals who walked 2miles had BMI 0.43kg/m 2 lower (95%CI -0.76, -0.09), and -0.79% lower BF% (95%CI -1.28, -0.31). For both outcomes, a graded relationship was apparent across the walking distance categories (with the exception of the ≥4miles category which was not significantly different to the reference category for either outcome). Results for the cycling subgroup were corroborative. For example, in fully adjusted models, compared with cyclists who travelled 0-2miles, those who cycled 5-7miles had BMI 0.36 kg/m 2 lower (95%CI -0.67, -0.05) and 1.14% lower BF% (95%CI -1.64, -0.64). Those who cycled 8-10miles had BMI 0.56kg/m 2 lower (95%CI -1.05, -0.08). For BF%, a significant, graded, independent relationship was observed across all cycling distance categories. However for BMI, only the 5-6mile and 8-10mile categories were significantly different from the 0-2mile reference category.
Discussion
Summary and interpretation of findings
This study demonstrates a significant, independent association between commuting mode and both BMI and BF%, for men and women. Comprehensive adjustment for confounders only modestly attenuated the observed central associations. The largest coefficients were observed for cyclists. For example, male cyclists had a BMI on average 1.71kg/m 2 lower than their car-using counterparts after adjustment for socioeconomic, demographic, health, behavioural factors and other PA. For the average man in the sample (53 years old, 176.7cm tall, weighing 85.9kg) this equates to a substantial weight difference of 5kg. Female cyclists had a BMI on average 1.65kg/m 2 lower than car commuters after full adjustment, which translates to a weight difference of 4.4kg for the average woman in the sample (52 years old, 163.6cm tall, 70.6kg). Previous studies reliant on smaller samples typically include cycling and walking in one 'active' category. 13 The present study suggests that this may mask larger associations between cycling and obesity. The second-largest associations were seen for walking, for both genders. For both active categories, travelling greater distances was independently associated with lower BMI and BF%. However, even individuals who reported a mix of public and active modes were also found to have significantly lower BF% and BMI than those who exclusively commuted by car, with similar magnitude of association observed for the 'walking only' and the 'mixed public and active transport' categories. This corroborates and adds detail to previous studies reporting similar magnitudes of association between active and public transport, and obesity. 13 No interactions by income were found, suggesting that associations between commute mode and obesity are equally distributed across socioeconomic groups. However socioeconomic status is a predictor of commute mode, generating inequalities in access to and utilisation of active modes. 12 Across most mode categories, the magnitude of associations with BMI and BF% were larger for men than women. This was especially true for public transport users, possibly because bus travel may be more prevalent among women, whereas men may be more likely to use rail transit and hence walk or cycle further to reach stations which are typically more spatially dispersed. The only instance in which greater coefficients were seen for women than men was for the association between cycling and BF%, indicating that the 1,643 (2%) middle-aged women in this sample who cycled to work were substantially fitter than the norm, perhaps reflecting residual confounding by unobserved domains of PA or health. Adjustment for energy intake in sensitivity analyses found that lower energy intake significantly predicted lower BMI (for women only) and %BF (for men only) but that point estimates were negligible and did not attenuate the central relationship.
Strengths and limitations
The strengths of this study lie in the quality of the data. UK Biobank is a large study with good geographical coverage. The age range is particularly useful for studying determinants of obesity, as mid-life is a key period for risk development and as such a critical juncture for interventions to promote positive behaviour change. The data presented captures multi-mode commutes, allowing differentiation between mixed modes and a more nuanced quantification of exposure than has been possible in previous work. 12, 13, 17 The use of two objectively measured obesity outcomes removes the possibility of misreporting of height and weight and addresses concerns around the use of BMI as an appropriate measure of adiposity among particularly lean groups. The wide range of socioeconomic, demographic, health, behavioural and occupational data also allows comprehensive adjustment for confounding. To the authors' knowledge, sensitivity analysis using UK Biobank's dietary data represents the first attempt to adjust for energy intake in this research area. However, the risk of residual confounding cannot be entirely eliminated using an observational, cross-sectional study design. For example, menopausal status is a key determinant of body composition among women in mid-life. The study is subject to a range of additional limitations. First and foremost is the risk of reverse causality, as direction of effect cannot be inferred from cross-sectional data, although sensitivity analyses establishing an independent, significant, graded relationship between distance and BMI/BF% among walkers and cyclists adds weight to a causal interpretation for these categories.
Further research using the repeat-assessment subsample of UK Biobank will be undertaken by the authors in order to isolate causal processes. Secondly UK Biobank is subject to item non-response and missingness. The analytic sample were representative of the total commuting sample on key variables (though not representative of the entire baseline sample, many of whom were retired). The 75,229 individuals in the energy intake analytic subsample represented only 48% of the full analytic sample.
They had a significantly higher mean BMI and were more likely to be female. However, when compared with the full analytic sample, very similar size and significance of central associations were observed when models were run on the subsample without adjustment energy intake. Thirdly, while a 7-category commute mode exposure variable incorporating mixed-mode journeys adds greater resolution than previous studies, it remains impossible to know precisely how much PA is typically involved for each category, and the relative contributions the different modes within mixed categories make to overall journey distance. Further research using UK Biobank's accelerometry subsample would allow this to be more precisely quantified. The use of self-reported mode introduces further limitations including the possibility of bias and unknown validity or reliability. Relatedly, the extent to which multivariate modelling minimises residual confounding is dependent on the quality of the covariates, which were largely self-reported and non-validated. The sensitivity analysis adjusting for energy intake also has limitations. While useful for estimating population-level energy intake, 24-hour dietary recall questionnaires are less reliable assessments of typical individual intakes, owing to high intra-person variation in daily diet. Much of the dietary data collection was via online questionnaires and not coterminous with the assessment centre. Self-reported food consumption is also subject to recall and courtesy bias, typically resulting in underestimation of energy intake. 26 Finally, while uniquely large and comprehensive, UK Biobank is not representative of the UK population and may therefore be subject to selection bias. However the sample is sufficiently large and heterogeneous for the results to be considered generalisable. 28
Conclusions and implications
There is a clear consensus that obesity leads to poor health outcomes and increased risk of premature Table A1 : Results of gender stratified multivariate linear regression models for the association between method of commuting and BMI, showing results for commute mode and hypothesised confounder, total energy intake in past 24 hours. Data are adjusted for age, days per week of moderate leisure physical activity, urban or rural area, ethnic origin, household income quintiles, Townsend area deprivation quintiles, highest educational qualification, alcohol intake, smoking status, nonwork active travel, walking for pleasure, job involving standing or walking, manual work, shift work, self-rated health, and limiting longstanding illness or disability. Table A2 : Results of gender stratified multivariate linear regression models for the association between method of commuting and percentage body fat, showing results for commute mode and hypothesised confounder, total energy intake in past 24 hours. Data are adjusted for age, days per week of moderate leisure physical activity, urban or rural area, ethnic origin, household income quintiles, Townsend area deprivation quintiles, highest educational qualification, alcohol intake, smoking status, nonwork active travel, walking for pleasure, job involving standing or walking, manual work, shift work, self-rated health, and limiting longstanding illness or disability. Data are adjusted for sex, age, days per week of moderate leisure physical activity, urban or rural area, ethnic origin, household income quintiles, Townsend area deprivation quintiles, highest educational qualification, alcohol intake, smoking status, nonwork active travel, walking for pleasure, job involving standing or walking, manual work, shift work, self-rated health, and limiting longstanding illness or disability.
APPENDIX 2: SENSITIVITY ANALYSIS TO INVESTIGATE THE CONFOUNDING EFFECT OF DIETARY ENERGY INTAKE ON THE ASSOCIATION BETWEEN COMMUTING MODE AND PERCENTAGE BODY FAT
APPENDIX 4: SENSITIVITY ANALYSIS TO INVESTIGATE THE ASSOCIATION BETWEEN COMMUTE DISTANCE AND BMI AND PERCENTAGE BODY FAT, AMONG CYCLING COMMUTERS.
Outcome: BMI (kg/m2) n= 4, 195 Outcome: Percentage body fat n= 4,146 β coefficient (95% CI) p-value β coefficient (95% CI) p-value Cycling commute distance category: Less than 2 miles (reference) 2-4 miles 5-7 miles 8-10 miles More than 11 miles 0 -0. Data are adjusted for sex, age, days per week of moderate leisure physical activity, urban or rural area, ethnic origin, household income quintiles, Townsend area deprivation quintiles, highest educational qualification, alcohol intake, smoking status, nonwork active travel, walking for pleasure, job involving standing or walking, manual work, shift work, self-rated health, and limiting longstanding illness or disability.
